ABSTRACT In this paper, we focus on the issue of energy efficiency (EE) optimization of amplifyand-forward-based energy harvesting two-way relaying systems. Utilizing the statistical channel state information, we first build a statistical EE model, which is applicable to practical environments under fast fading channels. Then, a power allocation problem is formulated to maximize the EE under the constraints of total power and sum rate. Particularly, we have taken the asymmetric traffic requirements into account in our design, considering that the two sources may have different data rates. With the help of nonlinear fractional programming and Karush-Kuhn-Tuchker conditions, closed-form solution is achieved, thus providing valuable guidelines into practical system designs. For wider applications, we have shown that our results can be extended to multi-relay multi-user scenarios. Simulation results highlight the effect of our analytical results.
I. INTRODUCTION
Recently, energy harvesting (EH) has attracted significant attention since it can extend the lifetime and ensure the sustainability of wireless network. Of particular interest is radio-frequency-based (RF) EH, owing to the fact that RF signals are widely available in the ambient atmosphere and are able to carry energy and information simultaneously [1] - [5] . Generally, there are two RF EH protocols: power splittingbased (PS) protocol and time switching-based (TS) protocol [6] . For PS, the energy and information are transmitted simultaneously, while for TS, EH and information processing are switched over time.
As a promising way to improve the system capacity and extend the transmission coverage in the fifth generation (5G) wireless networks, increasing attentions have concentrated on the relay-assisted cooperative transmission method [7] . Specially, amplify-and-forward based two-way relay (TWR-AF) strategy has been proved to be superior to one-way relay (OWR) due to its high spectral efficiency and low complexity [8] , [9] . For TWR-AF, two sources transmit their respective signals to the relay simultaneously in the first time slot, and then the relay broadcasts the combined signals to both sources. Assuming that both sources have knowledge about their own symbols, they can obtain its desired data by removing back-propagating self-interference from the superimposed signals. As a result, only two time slots are required for a bidirectional communication. Therefore, the research communities have paid much interests on the EH-based TWR [10] - [14] . In [10] and [11] , the system capacity was maximized by exploiting optimal power allocation. In [12] , the achievable sum rate for TWR with stochastic EH was investigated. In [13] , the long-term average outage probability was minimized by adopting an optimal relay transmission policy. Furthermore, EH was extended to cognitive relay network and the secrecy performance was presented [14] . However, the existing literatures mainly deal with the Spectral efficiency (SE). Along with SE, energy efficiency (EE) is becoming one of the most important metrics for wireless network design. To the best of our knowledge, the EE maximization for EH-based TWR-AF (TWR-AF-EH) is still an open issue.
Contribution: Motivated by the aforementioned discussions, in this paper, we investigate the EE optimization of TWR-AF-EH with statistical channel information (CSI). A statistical EE model is firstly built for applying to fast fading channels. Adopting the EE model, we develop an optimal power allocation problem that optimizes the EE for TWR-AF-EH with sum rate constraint and total transmit power constraint. Given that the data rate at the two sources may be different, we taken the asymmetric traffic requirements [8] into consideration in our model. The problem is solved by utilizing the approaches of nonlinear fractional programming and Karush-Kuhn-Tuchker (KKT) conditions [15] . Numerical results are finally presented to examine analytical results.
The remainder of this paper is organized as follows. In Section II, we describe the system model. Next, in Section III, the optimal power allocation problem is developed. Then in Section IV, the problem is solved and closed-form solution is achieved. Various simulation results are presented in Section V. Finally, Section VI concludes the paper. 
II. SYSTEM MODEL
As shown in Fig. 1 , consider an AF-based asymmetric TWR-EH with two sources S 1 , S 2 and one relay. Here the two sources exchange information via the EH relay. We assume that each node has a single antenna. There is no direct link between S 1 and S 2 . Also, all nodes operate in a half-duplex mode. Here, h i denotes the channel coefficient from S i to R, where i ∈ {1, 2}. We assume h i obeys frequency non-selective Rayleigh distribution h 1 ∼ CN (0, 1 ), h 2 ∼ CN (0, 2 ) and all nodes are suffered from the additive white Gaussian noise (AWGN), n ∼ CN (0, N 0 ). Meanwhile, we assume that S 1 and S 2 can obtain perfect CSI.
The whole transmission can be divided into two time slots. In the first slot, S 1 and S 2 transmit information to R simultaneously. Based on [16] , the signal y R received at R is then split into ρ : (1 − ρ) proportion by the power splitter. Then one part is exploited as the relay energy, the other part is for information processing. Following [17] , after selfinterference cancellation, the signal-to-noise ratios (SNRs) at S 1 and S 2 can be given as
where P S 1 and P S 2 denote the power of S 1 and S 2 , respectively. η denotes the energy conversion efficiency and 0 < η < 1. Then following [18] , we can obtain the cumulative density function (CDF) of γ 1 and γ 2 as
where
Therefore, the CDF of γ 1 and γ 2 can be approximately rewritten as
The intercept probability of node S i can be expressed as
and the success delivery probability of node S i can be given by
The intercept probability of S 1 and S 2 can be written as
Therefore, the energy efficiency (EE) can be given by
. R sum denotes the success delivery bit and T is the transmission time. VOLUME 5, 2017
III. PROBLEM FORMULATION
In this section, we establish an optimal power allocation (OPA) to optimally allocate the transmit power of S 1 and S 2 to maximize η EE . We assume the sum power of sources satisfies a total transmit power constraint and R sum must meet a rate threshold. Therefore, the optimization problem can be formulated as Problem 1.
Problem 1:
Since it is unknown whether the objective function is convex, we cannot straightforwardly utilize the convex optimization methods to solve the optimization problem. To make Problem 1 easy to handle, we first transform the objective function into a parameterized convex function as follows
According [19] , we state Lemma 1 as follows:
can achieve maximum η EE if and only if
Then the optimum energy efficiency η * EE = 1/w * . Therefore, Problem 1 can be transform to a parameterized convex function with same constraints as Problem 2.
Problem 2:
IV. OPTIMAL POWER ALLOCATION
To solve Problem 2, Karush-Kuhn-Tucker (KKT) is applied and Lagrange function can be given by
where λ 1 and λ 2 are Lagrange multipliers and λ 1 , λ 2 ≥ 0. Therefore, there are four scenarios:
We can easily prove that the success delivery bit is a monotonic increasing function of the total power and the objective function is inverse. For scenario i, both constraints are ineffective. For scenario ii, only the total transmit power is effective. For scenario iii, only the sum rate constraint is effective. For the last scenario, both constraints are effective. In the sequel, these four scenarios are discussed, respectively.
A. SCENARIO i
We firstly neglect the two constraints and get the unconditioned optimal solutions as Solution I.
Solution I:
Now, if the solution I satisfies the two constraints, i.e.,
Scenario i holds, and solution I is the final solution of Problem 1.
B. SCENARIO ii
If Solution I fail to achieve the power upper bound but meet the sum rate requirement, i.e.,
) ≥ R th , the total transmit power constraint is effective. As a result, scenario ii holds. Since the objective function is a monotonic decreasing function of the transmit power, the maximum EE is achieved at the boundary P i * S 1 + P i * S 2 = P T . Problem 2 can be rewritten as Problem 3.
Problem 3:
Then the Lagrange function can be rewritten by
and we can get the optimal solutions as Solution II.
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C. SCENARIO iii
If Solution I fail to meet the sum rate requirement but satisfies the total transmit power constraint, i.e.,
) < R th , the sum rate constraint is effective. As a result, Scenario iii holds. In this scenario, Problem 2 achieves its optimal at the boundary R sum (P i * S 1 , P i * S 2 ) = R th . Therefore, Problem 2 can be rewritten as Problem 4.
Problem 4:
and we can get the optimal solutions as Solution III. Solution III:
D. SCENARIO iv
If Solution I cannot meet the sum rate and the power requirements, i.e.,
) < R th , both constraints are effective. As a result, Scenario iv holds. In this scenario, the optimal solution is achieved at the boundaries R sum (P i * Problem 5:
Then we can get the optimal solutions as Solution IV. Solution IV:
E. HYBRID STRATEGY
According to the aforementioned conclusions, we propose a hybrid strategy to maximize EE for TWR-AF-EH with statistical CSI. The proposed OPA strategy is described as follows:
F. EXTENSION TO MULTI-RELAY MULTI-USER SCENARIO
Since our power allocation is carried out based on statistical CSI, our results can be directly extended to multi-relay multiuser scenario. Before the selection process, the optimal power levels for each user-relay-user pair is first calculated. Then the best user-relay-user pair can be selected by applying conventional relay selection criteria. We do not need to re-perform the power allocation during the selection process when the network topology remains unchanged. Thus, to improve the EE performance of the multi-relay multi-user scenario, little implemented complexity is further introduced. For example, we assume that there are K user-relay-user pairs. For each pair, the optimal power levels are first calculated, denoted by P k . And the SNRs at S 1 and S 2 of the k pair are denoted by γ 1 (P k ) and γ 2 (P k ), respectively. Then, the selection criterion is given by
Similarly, our approach can be extended to other networks, such as sensor networks [20] , [21] . And we will present the results in our future publications.
V. NUMERICAL RESULTS
In this section, numerical examples and simulation results are presented. To prove the effectiveness of OPA, it is compared with the equal power allocation (EPA) under the same constraints. According [22] , the power amplifier efficiency equals 0.35. Here we assume that the two-relay system locates in a normalized coordinate area. Meanwhile, the two source nodes and relay are located on a straight line. d denotes the distance between S 1 and R and 1 − d is set as the distance between R and S 2 . The path loss coefficient α = 3. Therefore, 1 =d −3 and 2 = 1 − d −3 . In Fig. 2 , the normalized EE against different relay locations is plotted. Here, P T = 10 dBm, R th = 1.5 bps/Hz, ρ = 0.1 and different sets of traffic requirements {R th1 , R th2 } (bps/Hz): {1, 1.5}, {1.5, 1.5} and {1.5, 1}. VOLUME 5, 2017 FIGURE 2. Normalized EE against relay location with P T = 10dB, R th = 1.5, ρ = 0.1 and different sets of traffic requirements R th1 , R th2 bps/Hz : 1, 1.5 , 1.5, 1.5 and 1.5, 1 .
FIGURE 3.
Normalized EE against the ratio of R th1 and R th2 with P T = 10dB, R th = 0.5, d = 0.5 and different sets of traffic requirements R th1 bps/Hz : 0.5 , 1 and 1.5 .
As shown in Fig. 2 , OPA outperforms EPA for different settings. Moreover, the optimal relay location depends on the ratio of R th1 to R th2 . For {R th1 , R th2 } = {1, 1.5}, EE achieves its optimum when d = 0.2. While for {R th1 , R th2 } = {1.5, 1}, EE achieves its optimum when d = 0.8. Therefore, the system can obtains better EE performance when the relay is located close to the source with lower data rate.
It can be observed from Fig. 2 that the ratio of R th1 to R th2 has impact on the system EE. Therefore, in Fig. 3 , the normalized EE is presented by varying the ratio of R th1 to R th2 . Here P T = 10dBm, R th = 0.5 bps/Hz, d = 0.5 and different sets of traffic requirements {R th1 } (bps/Hz): {0.5}, {1} and {1.5}. As shown in Fig. 3 , OPA has better performance than EPA. Also, it can be observed that performance loss become remarkable when the data rate different between the two sources increases.
In Fig. 4 , we set R th1 = R th2 and investigate the impact of data rate on system EE. We present the normalized EE against different relay locations with P T = 10dBm, ρ = 0.1, R th = 1.5 and different sets of traffic requirements {R th1 } (bps/Hz): {1}, {1.5} and {2}. As shown in Fig. 4 , OPA brings considerable performance improvement against EPA. With the decrease of R th1 , the system performance improve significantly, indicating that there is trade off between EE and SE.
In Fig. 5 , the impact of total transmit power on system EE is presented. We plot the normalized EE against different relay locations with R th1 = 1.5 bps/Hz, R th2 = 1 bps/Hz, R th = 1 bps/Hz, ρ = 0.1 and {P T } (dBm): {5}, {15} and {20}. As shown in Fig. 5 , for P T = 5, 15, OPA outperforms EPA, and as the value of P T increases to 20, the system performance improvement is negligible. This is because the total transmit power constraint is ineffective when P T = 20, and Solution I or Solution III is selected.
VI. CONCLUSION
In this paper, we first presented a statistical EE model. Applying the EE model, an optimal power allocation is then explored to maximize the EE under the sum rate constraint and the total power transmit constraint. Closed-form solutions are obtained. Using our results, one can conveniently increase the system EE even for the environments under fast fading channels. Specially, the tradeoff between SE and EE is achieved by adjusting the sum rate constraint. Moreover, our designs can be extended to the multi-relay multi-user scenario. The simulation results indicate that the optimal power allocation outperforms the equal power allocation despite in different situations. HAOYU DU received the B.S. degree in telecommunications engineering from Changchun University of Science and Technology, Changchun, China, in 2015. He is currently pursuing the master's degree with the School of Telecommunications Engineering, Xidian University, Xi'an, China. His research interests include cooperative communications, green communications, energy harvesting, and physical layer security.
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